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ABSTRACT 

We present angular diameters for 42 luminosity class I stars and 32 luminosity class II stars 
that have been interferometrically determined with the Palomar Testbed Interferometer. De- 
rived values of radius and effective temperature are established for these objects, and an empir- 
ical calibration of these parameters for supergiants will be presented as a functions of spectral 
type and colors. For the effective temperature versus {V — K)o color, we find an empirical 
calibration with a median deviation of AT — 70K in the range of 0.7 < (V^ — K)q < 5.1 for 
LC I stars; for LC II, the median deviation is AT = 120K from 0.4 < {V ~ K)o < 4.3. Ef- 
fective temperature as a function of spectral type is also calibrated from these data, but shows 
significantly more scatter than the Teff versus {V — K)o relationship. No deviation of Teff 
versus spectral type is seen for these high luminosity objects relative to luminosity class II gi- 
ants. Directly determined diameters range up to 4OOi?0, though are limited by poor distance 
determinations, which dominate the error estimates. These temperature and radii measures 
reflect a direct calibration of these parameters for supergiants from empirical means. 

Key words: infrared: stars, stars: fundamental parameters (radii, temperatures), techniques: 
interferometric, stars: supergiants. 



1 INTRODUCTION 

Supergiants are the signposts that call out the extremes of the land 
of stellar existence in many regards - mass, composition, nucle- 
, osynthesis, linea r size, temperature , and mass loss. As probes of the 
Eddington limit teddingtonl ll92lh . supergiants help define the na- 
ture of hydrostatic equilibrium in stellar atmospheres. Over the past 
century, establishment of fundamental stellar parameters for these 
objects has remained a regi me dominated by spectrosc opic charac- 
terization (see, for example, [Morgan & KeenaiJ ( Il973l) ). While our 
understanding of the atomic, molecular, quantum mechanical, and 
radiative transfer physics that governs such characterization has at- 
tained a degree of magnificently exquisite precision, it remains a 
characterization of macroscopic parameters through a fundamen- 
tally microscopic means. 

The advances of stellar interferometry over the past two 
decades have greatly enabled independent investigations of the 
macroscopic stellar fundamental parameters - particularly temper- 
ature and linear radius - from quantification of the stars on macro- 
scopic scales; namely, through measu rement of their angul ar sizes. 
A review of the CHARM2 catalog teichichi et"^l2005t) reveals 
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that angular radius measurements of 58 Luminosity Class I (super- 
giants) and 38 Luminosity Class II (bright giants) have been made 
to date. However these data are contained in 35 unique studies in 
a variety of wavelengths and with inhomogeneous calibrations and 
analysis techniques. 

In contrast to that menagerie of studies, we present a single 
data set from the Palomar Testbed Interferometer (PTI) specifi- 
cally aimed at the characterization of supergiant effective temper- 
atures and linear radii. PTI has previously been employed to es- 
tablish such pa rameters for giant stars (^ari Belle et al. 1999) and 
Mira variables dThompson et al.ll2002al ibl). and has shown itself to 
be uniquely capable in conducting large surveys of stellar angular 
size. This paper provides the largest homogeneous data set of this 
kind and doubles the library of angular size data on giants and su- 
pergiants. 



2 OBSERVATIONS 

PTI is an 85 to 110 m baseline H- and K-band (1.6 fim and 2.2 
Hm) interferometer located at Palomar Observatory in San Diego 
Count y, California, and is described in detail in IColavita et al.l 
( Il999l) . It has three 40-cm apertures used in pairwise combination 
for measurement of stellar fringe visibility on sources that range in 
angular size from 0.05 to 5.0 milliarcseconds, being able to resolve 
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individual sources with angular sizes 6 > 1.0 mas in size. PTI 
has been in nightly operation since 1997, with minimum downtime 
throughout the intervening years. The data from PTI considered 
herein covers the range from the beginning of 1998 (when the stan- 
dardized data collection and pipeline reduction went into place) un- 
til the beginning of 2008 (when the analysis of the data presented in 
this manuscript was begun). In addition to the supergiants discussed 
herein, appropriate calib ration sources were ob served as well and 
can be found en masse in lvan Belle et al.l j2008l) . 



The calibration of the supergiant visibility (V^) data is IRAS 12 /xm flux jNeugebauer et al.l 



Reddening corrections wer e based upon the empi rical redden- 
ing determination described by ICardelli et al.l ( Il989l) . which dif- 
fers little from van de Hulst's theoretical reddening curve number 
15 ( Johnson 1968; Dyck et al. 1996). Both narrowband and wide- 
band photometry in the 0.3 fim to 30 fj,m w ere use d as available , 
includin g John son UBV (see, for e xample, lEggenl ( Il963l , [l972h : 
Mor enolll97lh). Stromgren ubvv3 (|piirolalll976l) , 2Mass JHKs 
(Cut riet al.ll2003h. Gene va teufenej|l97^. Vilnius UPX YZS 
(Zd anavicius et al.l Il972h, WBVR _ dKornilo v et al] Il99lh . and 
IX (|N ' 



performed by estimating the interferometer system visibility 
(V^Ys) using the calibration sources with model angular di- 
ameters and then normalizing the raw supergiant visibility by 
V^s to estimate the measured by an ideal interferome- 
ter at that epoch jMozurkewich et alj Il99ll : iBoden et all 1 1 9981 : 
Ivan Belle & van Bellell2005h . Uncertainties in the system visibility 
and the calibrated target visibility are inferred from internal scatter 
among the d ata in an obse rvation using standard error-propagation 
calculations ( IColavitalll999i) . Calibrating our point-like calibration 
objects against each other produced no evidence of systematics, 
with all objects delivering reduced = 1. 

PTI's limiting night-to-night measurement error is a,/2 ~ 

SYS 

1.5 — 1.8%, the source of which is most likely a combination of 
effects: uncharacterized atmospheric seeing (in particular, scintil- 
lation), detector noise, and other instrumental effects. This mea- 
surement error li mit is an empirical ly established floor from the 
previous study of lBoden et al.l jl999l) . 

From the relationship between visibility and uniform disk an- 
gular size (^ud), = [2Ji{x)/x]'^ , where Ji is the first Bessel 
function and spatial frequency x — ttBOud^^^ , we may estab- 
lish uniform disk angular sizes for the supergiants observed by 
PTI since the accompanying parameters (projected telescope-to- 
telescope separation, or baseline, B and wavelength of observation 
A) are well-characterized during the observation. This uniform disk 
angular size will be connected to a more physical limb darkened 
angular size (Old) in ^3.4\ 



3 SUPPORTING DATA 
3.1 Spectral Type 

For consistency of spectral typing, we attempted to resolve spec- 
tral type and luminosity classification of our targets using typing 
from Morgan, Keenan, and the i r co-workers ( Johnson & Morgar> 
1 19531 : [Morgan & KeenaiJ 1 19731 : iKeenan & Mc Neil 19891. l2006h . 
However, in a few cases, such typing was not available, and al- 
ternate sources were used. 



3.2 Spectral Energy Distribution Fitting 

For calibrator stars and the science targets observed in this investi- 
gation, a spectral energy distribution (SED) fit was performed. This 
fit was accomplished using photometry available in the literature as 
the input values, with template spectra appropriate for the spectral 
types indicated for the stars in question. The template spectra, from 
[Pick les ( 1998), were adjusted by the fitting routine to account for 
overall flux level, wavelength-dependent reddening, and an initial 
angular size estimate: effective temperature was fixed for each of 
the library spectra based on the spectral type and luminosity class 
of the spectra. 



1984): flux calibrations were 
based upon the values given in lCoxl ((2000). Magnitudes at 12 ^m 
were est ablished from the IRA S flux values using the relationship 
found in iHickmanetZld 19951) . 

From the spectral type and luminosity class as discussed in 
i]3.1| template spectra were fitted to the photometric data. The best 
SED fit thus provided, for each star, estimates of the bolometric flux 
(-Fbol), angular size (^est), and reddening (expressed as magni- 
tudes of visiual reddening Ay). The results of the fitting are given 
in Tables 6 and 7, and an example SED fitting plot is given in Fig- 
ure [T] 



3.3 Distance 

Given t he poor relative accu racy of the distances in the Hipparcos 
catalog dPerrvman et aljl997) (unsurprising given the extreme dis- 
tance of these objects relative to the majority of Hippa rcos objects), 
we opted to use the estimates of lFamaev et al.l ( l2005h for those ob- 
jects found in that analysis, where avail able, reverting to the Hip- 
parcos values for those stars not found in lFamaev et alj ( |2005|) . 



3.4 Limb Darkening 

Using the coefficients found in lDavis et al. I( l2000h . a lookup table 
was generated to convert our initial uniform disk measurements of 
angular size into limb darkened disk measures appropriate for con- 
siderat ion of parameters such as effective temperature and linear 
radius. lOavis et all ( l2000h provide a grid of multiplicative conver- 
sion factors, ^ld/^ud, derived from Kurucz model stellar atmo- 
spheres. To utilize the data found in this work, the data relevant 
to PTFs near-infrared bandpasses was extracted to synthesize the 
aggregate effect across the broadband filters of PTI. From the uni- 
form disk diameter of a star, combined with its bolometric flux, a 
rough estimate of its temperature wa s established. Surface gravity, 
while provided in lDavis et al.l ( |2000|) . is not a significant factor in 
establishing the conversion factor in the \og{g) = to 1 range 
relevant for the supergiants being investigated in this work. The 
temperature-dependent conversion factors are presented in Table[T] 
Based on that temperature estimate, a Sld/^ud cofficient was es- 
tablished, and an estimate of 6'ld was derived from 6'ud. 

Although this approach could be considered circular - the 
0Lo/0VD coefficients are selected from an initial estimate of T 
from ^uD, and then are used to revise the estimate of T - the coef- 
ficients are sufficiently small in this application that a more proper, 
recursive approach is not necessary. In general, the application of 
the 6ld/Svd coefficients revise the stellar effective temperatures 
downward by AT — — 56K, a shift that is sufficiently fine with 
respect to the Sld /duo grid that no further consideration is neces- 
sary. 
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Figure 1. Spectral energy distribution fitting for HD 209750, as discussed in i|3.2l with a G2 I spectral template )Pickles|[l998l) being fit to the wide- and 
narrow-band photometry available for the star. Vertical bars are errors associated with the photometric data; horizontal bars represent the bandwidth of each 
photometric data point. 



Table 1. K-band uniform disk-to-limb darkened disk multiplication coefficients extracted from lPavis et alji2000l) . 



T 
(K) 


log(g) = 0.0 
^LD/euD 


log(g) = 1.0 
^ld/Sud 


Average 
eLD/0UD 


3500 


1.0307 


1.0303 


1.0305 


3750 


1.0295 


1.0293 


1.0294 


4000 


1.0281 


1.0279 


1.0280 


4250 


1.0265 


1.0264 


1.0264 


4500 


1.0248 


1.0247 


1.0248 


4750 


1.0231 


1.0231 


1.0231 


5000 


1.0214 


1.0216 


1.0215 


5250 


1.0197 


1.0199 


1.0198 


5500 


1.0206 


1.0181 


1.0193 


5750 


1.0197 


1.0165 


1.0181 


6000 


1.0193 


1.0184 


1.0189 


6250 


n/a 


1.0176 


1.0176 


6500 


n/a 


1.0170 


1.0170 


6750 


n/a 


1.0166 


1.0166 



3.5 Dereddened Stellar Colors 

Given the value for Ay derived during the SED fit in i|3.2| we may 
assume a standard Ry = 3.1 wavelength progression of reddening 
to establish values for K-band reddenin g {An = 0.11 Ay) and red- 
dening at 12 ^im (A[i2j = 0.028^v) jCardelli et allll989D . From 
these reddening parameters, 'true' values for Vo, Kq, and [12]o 
were established for the stars in this investigation. 



4 OBSERVED STELLAR PARAMETERS 

4.1 Effective Temperature versus V-K Color 

Stellar effective temperature (Teff) is defined in terms of the 
star's luminosity an d radius by the Stefan-Boltzman n equation, 
L = jStefanlll879l : lBoltzmannl ll884t). Rewriting 

this equation in terms of angular diameter Sld and bolometric flux 
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Fbol, Teff can be expressed as Teff oc (-Fbol/^ld)^'^^- The 
limb darkened angular size is utilized here as a reasonable proxy 
for the Rosseland angular diameter, which corresponds to the sur- 
face whe re the Rosseland mean op tical depth equals unity, as advo- 
cated bv lScholz & Takedal imj) as the most appropriate surface 
for computing an effective temperature. 

The resulting values are plotted as a function of {V — K)o 
and {K — [12])o colors in Figures [2] and [3] respectively. For the 
first color, a fit of the data for both luminosity classes produces the 
relationship: 

Teff = 3037(±89)+5264(±80) x 10-''-'i'''(±°-°°"'^(^-^'''(l) 

with a reduced chi-squared value of = 2.90. This empirical 
calibration has a median deviation of AT = 70K in the range of 
0.7 < V ~ K < 5.1 for LC I stars; for LC II, the median deviation 
is AT = 120K from O.A < V - K < 4.3. 

Of particular inte rest is com parison of these results with those 
for giant stars found in lvan Belle et al.l (1999). At first inspection, it 
appears the supergiants are, for a given temperature, slightly bluer 
than the giant stars. However, this appears within the statistical un- 
certainty; it is also worth noting that (due to the modeling con- 
straints of the time) the approach to reddening in the giant star pa- 
per is markedly less sophisticated than the one employed here. It is 
our expectation that improved values for Ay for the giant stars will 
have the potential to shift the relationship derived in that paper to 
the left, overlapping with the one established here. 

For comparison , we may examine the data found in 
iLevesgue et alj ( |2005|) . derived spectroscopically for supergiants. 
The color-temperature points found in that investigation are also 
plotted in Figure |2l and upon inspection of the solid line fit to the 
PTI data, appear to be cooler. However, the average value of the 
disagreement is AT = 60 ± 85K overall, which is not statistically 
significant; for those stars in the range of 3.0 < {V ~ K)o < 4.5, 
that disagreement is AT = 75 ± 70K, which is a bit more mean- 
ingful, but only slightly so. 

For temperature as a function o f (ii' — [12])o, F igure[3]exhibits 
a tendency seen previously in , van BelleetalJ ( [l999h for giant stars: 
as Teff approaches 3600-3700K, the {K — [12])o color increases 
rapidly away from the nominal blackbody relationship, indicative 
of dusty mass loss (Beichman et al. 1990; Le Sidaner & Le Bertre 
[l99& ). The hotter objects in excess of ~4750K also appear to track 
rightwards of the blackbody line, also suggesting mass loss from 
these objects. 

4.2 Effective Temperature versus Spectral Type 

iDvck et sl\ ( Il99 8l) noted that there appeared to be observational ev- 
idence that suggested that, for a given spectral type, supergiants 
were systematically cooler than their giant star counterparts. To ex- 
plore this possibility, the data were binned by spectral type as seen 
in Table[2] A fit to these biimed data is 

Teff = -123(±25) x ST + 4724(±175) (2) 

with a reduced xt of 0.34, where the spectral type 
ST = — 2,...0, ...5,6,... 14 corre s pondin g to 
G8, . . . KO, . . . K5, MO, . . . M8 as in iDvck et alj ( Il998h . This 
fit, the birmed da ta, and the corresponding giant star data from 
iDvck et alj l ll998l) are seen in Figure |4] The small value of Xi' 
is indicative of the large errors for each bin found in Table [2j 
this is possibly traceable to a degree of natural spread found in 
Teff with i n each spectral type. Comparing this fit to the fit in 
iDvck et alj h998l) , Teff = -109 x ST + 4570 K, we find that 



it is statistically identical: there is no evidence for temperature 
deviation by spectral type between luminosity classes. 

By spectral bin, the absolute average deviation from the fit is 
AT ~ 140 K, which is substantially smaller than the standard de- 
viations by spectral type bin - on average, AT ~ 400 K - seen 
in Table |2] (and hence the small value for xt)- This large scatter 
suggests it is impractical to expect any degree of precision in pre- 
dicting the effective temperature of bright giants and supergiants 
from their spectral types, and that employing the V — K index is 
substantively more useful. 

Also in Table (2] for reference, are data points from 
ILevesgue et al.l |2005) moderate resolution optical spectroscopy. 
Agreement is good with the exception of the K-type stars. The am- 
biguity in these particular data points is reflected in the error bars, 
which ar e substantially larger t han those for the cooler stars pub- 
lished in lLevesgue et alj j2005l) . We have confidence in our num- 
bers because the temperature trend continues to much earlier spec- 
tral types. 

4.3 Linear Radius 

Stellar radius is proportional to angular size and distance, R oc 
Oi^ud, and is plotted in Figure [5] versus {V — K)o, and given by 
{V — K)o bin in Table [3] Unfortunately, due to the large errors 
in the distance measurements, there is considerable scatter in these 
data. In fact both the weighted and unweighted radii are presented 
in Table [3] to give a sense of any possible Lutz-Kelker biafl that 
may be influencing the results. There are a few class I objects in 
the range 3.5 < (V^ — K)o < 4.5 that do appear unusually small 
(HD 30178, HD 31220, HD 44033, HD 200576, HD 207991, HD 
236915); so much so, and in agreement with fit line for the giants, 
that it is worth considering whether or not these objects have been 
misclassifiec0. These objects have been excluded from the bins in 
Tabled 

However, some features are readily apparent in a qualitative 
sense: First, the trend is for the lumin osity class I and II obj ects to 
be, on average, larger than the giants o f jvan Belle et"al]jl999 ). sec- 
ond, the luminosity class I objects appear on average to be larger 
than the class II objects. Both of these qualitative observations are 
expected from luminosity properties l lde Jager & Nieuwenhuiizeril 
U987) and temperatures of these stars. 

Quantitativel y, comparing the genera l trends by {V — K)o bin 
in Table [3] and in lvan Belle et al.l ( fl999l) . we can infer a general 
rule: for a given {V — K)o color, a luminosity class I object will be 
roughly 2 x larger than a class II counterpart, just as a class II object 
will be twice as large as a giant of similar color. This rule appears to 
be supported by the data over the range of 2.0 < (V^ — K)o < 3.5. 
A simple examination of the implication of this rule for the over lu- 
m inosities of class I and II objects, co mpared to the determinations 
of de Jager & Nieuwenhuii zeni show it to be not in perfect 

agreement: the expectation is that, for a constant temperature by 
spectral type, the radii should scale by a factor of roughly 4 x , not 
2x, between the luminosity classes. Again, this disagreement is 
possibly due to the inaccuracies of the distance measurements for 

^ A systematic eiTo r that causes observed parallaxes to be too l arge 
)Lutz&Kelke3ll973t) . See the discussion in lOudmaiier et all i 19981) for 
more details. 

^ This appears plausible. With the exception of HD 207991, the spectral 
typings for these objects are traceable to older, objective-prism typings, 
which might have led to erroneous luminosity classifications. 
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Figure 2. E ffective tempera t ure ve rsus {V — K)o color (V — K dereddened for interstellar extinction) for luminosity c lass I and II stars. Tem perature-color 
values from lLevesQue et al] fcOOSi) are included for comparison, as is the relationship for luminosity class III stars from lvan Belle et alj {m^ (dashed line) 
and for blackbody radiators (dotted line). The fit for the stars given in this paper is shown as well (solid line). 




Figure 3. Effecti ve temperature versus K p — [12]o color (K — [12] dereddened for interstellar extinction) for luminosity cl ass I and II stars . Temp erature- 
color values from lLevesgue et al] i2005l) are included for comparison, as is the relationship for luminosity class III stars from lvan Belle et al] i 19991) and for 
blackbody radiators (dotted line). 
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Table 2. Effective temperature by spectral type bins. As in lDvck et alj jl998l) . spectral type —2, ... 0, ... 5, 6, ... 14 corre- 
sponds to G8, . . . KO, . . . K5, MO, . . . M8. 



Lower 


Upper 


N 


Average 


Average 


Binned 


Levesaue et al. (2005) 


Sptype 


Sptype 




SpType Num 


Sptype 


^EFF (^) 


'^eff(J^) 


-15.0 


-9.5 


8 


-11.1 ± 1.8 


F9 


6226 ± 715 




-9.5 


-4.5 


4 


-5.8 ± 1.5 


G4 


5958 ± 1047 




-4.5 


-1.5 


4 


-2.0 ±0.0 


G8 


5247 ± 375 




-1.5 


0.5 


4 


0.0 ±0.0 


KO 


4424 ± 770 




0.5 


1.5 


4 


1.0 ±0.0 


Kl 


4755 ± 399 


4150 ±210 


1.5 


2.5 


6 


2.0 ±0.0 


K2 


4685 ± 346 


4075 ± 100 


2.5 


3.5 


11 


3.0 ±0.0 


K3 


4154 ± 273 


4000 


3.5 


4.5 


4 


4.0 ±0.0 


K4 


4062 ± 316 




4.5 


5.5 


13 


5.0 ±0.0 


K5 


3950 ± 235 


3900 


5.5 


7.5 


5 


6.8 ±0.4 


MO. 8 


3867 ± 194 


3740 ± 45 


7.5 


8.5 


7 


8.0 ±0.0 


M2 


3755 ± 103 


3660 ± 30 


8.5 


12.5 


3 


10.7 ± 1.5 


M4.7 


3513 ± 168 


3525 ± 35 




Figure 4. Binned effective temperature versus spectral type, with ST = — 2, . . . 0, . . . 5, 6, . . . 14 corr esponding to the sp ectral types 
G8, . . . KO, . . . K5, MO, . . . M8 (as discussed in ^421 for luminosity class I & II stars, along with class III data from Ivan Belle et alj i 19991) and a fit to 
the class I & II objects. No evidence is seen for a temperature offset between LC I&II and LC III. 



these objects, or possibly outright bias in those distance determina- 
tions. As mentioned in i]4.3l if there were significant Lutz-Kelker 
bias for a large portion of the sample, the actual distances would on 
average be greater than currently indicated. 



Finally, the region of p hase space occupied by the supergiants 
from lLevesgue et al] 120051) appear to be redder and linearly larger 
than those osberved with PTI. This is consistent with these objects 
undergoing a higher rate of mass loss, as previously discussed with 
regards to Figure[3l 



5 CONCLUSIONS 

The 74 bright giants and supergiants presented herein represent a 
large, homogenous data set exploring the parameters of effective 
temperature and linear radius for these, the largest of stars. Em- 
pirical calibrations for Teff versus {V — K)o and Teff versus 
spectral type for these stars are established, and is found to be in 
agreement with similar relationships explored for giant stars. Less 
meaningful statements can be made about their linear radii, due 
to the poor quality of distance information for these objects; how- 
ever, the progression in linear size from giant stars to bright giants 
to supergiants is consistent with qualitative expectations. Improved 
distance estimates from upc oming missions suc h as the Space In- 
terferometry Mission (SIM) dUnwin et alj|2008l) or Gaia dOilmorel 
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Table 3. Linear radii as a function of Vq — Kq color for luminosity class I and II stars. Sample size N is given for each 
luminosity class, along with weighted and (unweighted) averages. The six stars discussed in ^4.3l are exempted from this 
table. 
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Figure 5. Linear radiu s versus (V — K)o color (V — K dereddened for interstellar extinction) for lumin osity class I and II star s. Radius-color values from 
iLevesgue et alj i2005h are included for comparison, as is the relationship for luminosity class III stars from lvan Belle et al] i 19991) (dashed line). 



l2007h have the potential to greatly leverage this data for additional 
insight into the fundamental physical nature of these stars. 
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Table 4. Unreddened colors, effective temperatures and radii for luminosity class I stars.. 
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Table 5. Unreddened colors, effective temperatures and radii for luminosity class II stars.. 
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876 


0.020 


1 


028 


2 


798 ± 


020 


1 


993 ± 0.059 


82.68 ± 5.48 


K5IaO-a... 


(12) 


6.54 


1 


60 ± 


06 


1.02 


HD 12399 


17/18 


1 


034 ± 0.055 





724 


0.027 


1 


025 


1 


060 ± 


056 


2 


nT'o 1 n nor" 

078 ± 0.035 


1 T n "1 1 n r T 

17.91 ± 0.57 


G5Ia 


/oN 

(3) 


7.53 


3 


89 ± 


04 


2.81 


HD 13658 


8/9 


1 


512 ± 0.073 


2 


841 


0.069 


1 


029 


1 


556 ± 


075 


2 


372 ± 0.047 


16.67 ± 0.59 


Mllab 


(8) 


8.78 


3 


21 ± 


05 


2.09 


HD 13686 


8/9 


1 


538 ± 0.063 


1 


685 


0.043 


1 


028 


1 


581 ± 


064 


1 


o^o 1 n nr'o 

272 ± 0.052 


oo A r\ 1 1 or 

22.49 ± 1.25 


K3Ib 


/t o\ 

(12) 


7.04 


2 


71 ± 


09 


2.16 


T TT~\ 1 A A A 

HD 14404 


14/15 


2 


125 ± 0.023 


1 


805 


0.036 


1 


030 


2 


190 ± 


024 


1 


A r\K 1 n n o 1 

405 ± 0.031 


o o o /I 1 nno 

28.24 ± 0.68 


M2Ib 


/t o\ 

(12) 


7.78 


2 


36 ± 


05 


0.86 


HD 17958 


5/5 


2 


750 ± 0.032 





064 


0.005 


1 


026 


2 


822 ± 


033 


2 


116 ± 0.043 


102.10 ± 3.97 


K3Ibvar 


(3) 


6.17 


1 


47 ± 


05 


0.95 


HD 18391 


5/5 


1 


810 ± 0.062 


3 


130 


0.055 


1 


023 


1 


852 ± 


063 


2 


981 ± 0.074 


74.41 ± 5.22 


GOIa 


(12) 


6.86 


2 


42 ± 


08 


1.54 


HD 20902 


6/6 


3 


135 ± 0.029 


5 


395 


0.135 


1 


017 


3 


188 ± 


030 





r'nn I n nor" 

509 ± 0.025 


noo rn I n o ,i 

683.50 ± 6.84 


F5Ib 


(7) 


1.79 





56 ± 


05 


0.04 


HD 21465 


5/5 


1 


833 ± 0.127 


2 


064 


0.153 


1 


028 


1 


884 ± 


131 


1 


465 ± 0.068 


38.07 ± 2.25 


K5Iab: 


(17) 


7.05 


2 


38 ± 


05 


1.73 


HD 30178 


11/14 


1 


807 ± 0.036 


1 


407 


0.046 


1 


030 


1 


862 ± 


037 


1 


1 on 1 n n/^n 

130 ± 0.066 


OO o o 1 "1 on 

22.88 ± 1.29 


M2Ib 


/o^ 
(2) 


7.83 


2 


50 ± 


09 


1.89 


HD 31220 


11/15 


2 


n r\ o 1 n n o o 

098 ± 0.032 





920 


0.031 


1 


029 


2 


160 ± 


033 


1 


f~^^r\ 1 n noi 

679 ± 0.031 


o T T r 1 "1 n r 

37.15 ± 1.05 


MOIb 


^ A\ 

(4) 


7.40 


2 


20 ± 


05 


1.52 


HD 31910 


3/3 


1 


753 ± 0.059 


1 


086 


0.024 


1 


020 


1 


788 ± 


060 





A f\/~' 1 n non 

496 ± 0.020 


n/^ or 1 o "1 o 

96.85 ± 2.18 


GOIb 


/t o\ 

(12) 


4.03 


2 


10 ± 


05 


1.52 


HD 34255 


3/3 


2 


585 ± 0.040 





605 


0.011 


1 


029 


2 


661 ± 


041 





562 ± 0.047 


60.62 ± 2.74 


K41ab: 


(16) 


5.64 


1 


68 ± 


05 


1.06 


HD 35601 


3/3 


2 


817 ± 0.029 





805 


0.009 


1 


029 


2 


900 ± 


030 


2 


o o/^ 1 n n /I 1 

326 ± 0.041 


nr r^ I o on 

65.57 ± 2.29 


Mllb 


/i o\ 

(12) 


7.48 


1 


74 ± 


08 


0.83 


Hll* 35915 


3/3 


1 


943 ± 0.063 





034 


0.004 


1 


030 


2 


002 ± 


065 


4 


TOO 1 n A 

728 ± 0.471 


o A ^n 1 1 r A r\ 

24.70 ± 15.40 


M6I-H 


(11) 


9.95 


2 


84 ± 


10 


1.58 


HD 37387 


3/3 


1 


n no 1 r\ ^ a A 

392 ± 0.184 





074 


0.020 


1 


025 


1 


426 ± 


188 


2 


T/"*n 1 n 1 nn 

760 ± 0.106 


or m ] n n^ 

35.91 ± 6.07 


Kllb 


(8) 


7.52 


3 


02 ± 


29 


2.25 


HD 38247 


1/1 


1 


102 ± 0.429 




mf 


0.000 


1 


021 


1 


126 ± 


438 


1 


812 ± 0.053 


35.69 ± 2.22 


G8Iab 


(12) 


6.67 


2 


99 ± 


25 


2.48 


tiu 44(Joo 


6/6 


2 


o o o 1 n no£? 

383 ± 0.026 





392 


0.025 


1 


029 


2 


453 ± 


027 





cnn 1 n noo 

599 ± 0.038 


A o nr' 1 1 on 

43.96 ± 1.89 


K3Ib 


(5) 


5.67 


1 


76 ± 


04 


1.19 


HD 52005 


2/2 


2 


o o r' \ n "1 "1 o 

826 ± 0.113 





222 


0.017 


1 


030 


2 


913 ± 


116 





To/^ 1 n nor" 

726 ± 0.025 


A a A 1 "1 oo 

48.46 ± 1.22 


K3Ib 


/t o\ 

(12) 


5.73 


1 


94 ± 


05 


1.36 


HD 183589 


23/24 


2 


TOO 1 n n"i o 

720 ± 0.013 


1 


565 


0.041 


1 


029 


2 


800 ± 


014 





A 1 n non 

974 ± 0.030 


no n"i 1 o nn 

63.91 ± 2.06 


K5Ib 


/-I tX 

(17) 


6.08 


1 


44 ± 


05 


0.90 


HD 186021 


31/32 


1 


o o r* 1 n n "1 n 

285 ± 0.019 


1 


026 


0.030 


1 


026 


1 


319 ± 


019 


1 


160 ± 0.049 


OO Tn 1 n no 

23.70 ± 0.98 


KOlab: 


/-I \ 

(1) 


6.43 


2 


97 ± 


26 


2.47 


HD 187238 


31/32 


1 


o TO 1 n n "1 "1 

872 ± 0.011 


1 


902 


0.031 


1 


028 


1 


924 ± 


Oil 


1 


n o 1 r\ A A 

936 ± 0.044 


At on 1 "1 no 

41.89 ± 1.68 


K3IaO-a. .. 


/o\ 

(3) 


7.02 


2 


35 ± 


05 


1.76 


HD 193469 


12/15 


2 


^ A n \ n n "1 o 

346 ± 0.012 


1 


366 


0.020 


1 


029 


2 


415 ± 


013 





o r 1 n nor 

856 ± 0.025 


A A 1 "1 O O 

42.45 ± 1.23 


K5Ib 


/o\ 

(3) 


6.35 


1 


81 ± 


05 


1.29 


tiu iy4U9o 


19/22 


2 


nno 1 n nno 

903 ± 0.008 


1 


228 


0.013 


1 


018 


2 


955 ± 


008 





OHO 1 n mo 

242 ± U.U12 


r>oA on 1 rz oo 

oo4.2u ± 5.22 


F8Ib 


(7) 


2.23 





74 ± 


05 


0.27 


HD 196725 


28/30 


1 


Tn r* 1 n n"i n 

705 ± 0.019 


1 


018 


0.052 


1 


028 


1 


753 ± 


020 





"1 r "1 1 n r\ o / ■ 

151 ± 0.026 


oo no 1 n ^n 

28.92 ± 0.76 


K3Ib 


(16) 


5.69 


2 


37 ± 


05 


1.85 


HD 197345 


18/18 


2 


o o 1 n n "1 "1 

285 ± 0.011 


2 


284 


0.024 


1 


017 


2 


323 ± 


Oil 





nnn I n nnn 

000 ± 0.009 


01 n nn I ^ on 

816.60 ± 7.29 


A2Ia 


(9) 


1.25 





90 ± 


05 


3.37 


HD 200576 


10/10 


1 


r* on 1 n n .1 r' 

520 ± 0.045 





997 


0.031 


1 


029 


1 


565 ± 


046 





/^n A 1 n nnn 

604 ± 0.099 


1 n TO 1 "1 r n 

19.78 ± 1.59 


K5Ib 


/-I n\ 

(10) 


6.86 


2 


82 ± 


13 


2.19 


HD 205349 


14/22 


1 


539 ± 0.019 


2 


203 


0.058 


1 


020 


1 


569 ± 


019 


2 


251 ± 0.042 


71.29 ± 2.64 


Kllbvar 


(3) 


6.27 


2 


19 ± 


05 


1.56 


HD 206859 


8/9 


1 


no A \ n noo 

934 ± 0.028 


2 


115 


0.061 


1 


021 


1 


976 ± 


028 





r ^ "1 1 n n "1 T 

541 ± 0.017 


o n nn I "i ^ a 

86.00 ± 1.74 


G5Ib 


/t r:\ 

(15) 


4.34 


1 


89 ± 


05 


1.33 


HD 207119 


14/24 


2 


252 ±0.018 


1 


186 


0.024 


1 


028 


2 


315 ±0 


019 


1 


177 ±0.037 


53.13 ± 2.13 


K5Ib 


(13) 


6.40 


1 


91 ±0 


05 


1.35 


HD 207991 


22/23 


1 


157 ±0.026 


1 


728 


0.039 


1 


029 


1 


191 ±0 


027 





016 ± 0.087 


12.52 ± 0.81 


K5Ib 


(13) 


6.88 


2 


93 ±0 


11 


2.50 


HD 213306 


149/152 


1 


423 ± 0.007 


1 


244 


0.034 


1 


018 


1 


448 ±0 


007 





410 ±0.022 


123.10 ± 1.95 


G2Ibvar 


(10) 


4.07 


2 


35 ±0 


05 


1.83 


HD 216946 


29/33 


3 


857 ± 0.006 


2 


026 


0.013 


1 


029 


3 


970 ±0 


006 





650 ±0.018 


119.90 ±2.19 


K5Ibvar 


(15) 


4.99 





72 ±0 


18 


0.16 


HD 217476 


27/29 


1 


224 ±0.031 


1 


109 


0.057 


1 


017 


1 


245 ±0 


032 


1 


889 ± 0.072 


113.80 ± 7.83 


GOIa 


(15) 


5.10 


1 


66 ±0 


05 


0.84 


HD 224014 


11/13 


2 


109 ±0.037 


1 


431 


0.052 


1 


020 


2 


151 ±0 


038 


1 


302 ± 0.038 


130.20 ±3.26 


F8Iavar 


(13) 


4.51 


1 


67 ±0 


05 


1.07 


HD 236697 


20/20 


1 


318 ±0.042 





977 


0.033 


1 


029 


1 


356 ±0 


043 


1 


503 ± 0.032 


13.47 ±0.29 


M2Ib 


(12) 


8.69 


3 


24 ±0 


05 


2.49 


HD 236915 


5/5 


1 


963 ± 0.092 





061 


0.012 


1 


030 


2 


023 ±0 


094 


1 


922 ± 0.058 


27.45 ± 1.28 


M2Iab 


(8) 


8.47 


2 


43 ±0 


05 


1.25 


HD 236947 


10/10 


1 


596 ± 0.065 


2 


551 


0.068 


1 


030 


1 


644 ±0 


067 


1 


737 ± 0.035 


17.52 ± 0.52 


M2IaO-a... 


(8) 


8.61 


2 


99 ±0 


05 


2.14 


HD 236979 


5/5 


2 


734 ± 0.041 


2 


516 


0.037 


1 


030 


2 


818 ±0 


043 


2 


146 ± 0.041 


43.15 ± 1.35 


Mllab:var 


(10) 


7.99 


2 


03 ±0 


05 


-0.34 



Table 7. Observe d and derived sup porting; pa rame ters for luminosity cla ss 11 stars. Spectr al t ype reference s: fl ) [Arellano Ferro et all |[l990| ), (2) 
iBoulon fc Fehrenb ach (1958), (3) Bidc lmanI jl957l). (4)lDuflot et al.l lll957l) . (5 )lFehrenbachl l ll96ll) . (6) lFerniel fl983h. (7)lGrav et al. (2001 ). C8)lHumphrevi: 



to 



19701) . f9) iJohnson fc Morgan 41953). flO) lJura fc KleinmannI diggolWl l') iKharchenkol mOWi. ('1 2T fKeenan fc McNeill (120061 ). ( 13) ,Keenan fc McNeil 



197L ). (9) IJohnson & iVlorgani tl953l). (101 lJura Memmand (119901). (1 1) IKharchenkol [120U1I). (1 2) IKeenan Mel' 
19891) . fl4) lKronl ( Il958h . fl5) lMorgan fc KeenanI (Il973l ), (16) iPricd (Il966l) . fl7) iTuron et al.l (ll993^ . f 18) lYosd (ll96lF 



Star ID 


points 




(mas) 






<5V2 


6»LD/euD 




6»LD 
(mas) 




Av 
(mag) 


^BOL 
10~* erg cm~^ 


Spectral 
Type 


Sptype 
Ref. 


V 

(mag) 




K 

(mag) 




[12] 
(mag) 


HD 1613 


14/14 


2 


525 ± 0.026 





744 


0.026 


1 


029 


2 


f\c\ 1 f\ r\^r' 

599 ± 0.026 


2 


"ion 1 r\ f\r^ 

130 ± 0.065 


66.01 ± 2.79 


M2I1: 


(3) 


6.80 


1 


88 ± 


22 


1.19 


HD 3147 


11/11 


1 


961 ± 0.037 





573 


0.024 


1 


025 


2 


010 ± 0.038 


2 


548 ± 0.047 


64.89 ± 2.91 


K21b-ll 


(3) 


6.92 


2 


25 ± 


10 


1.63 


HD 3489 


9/9 


1 


375 ± 0.057 





987 


0.029 


1 


029 


1 


415 ± 0.059 





643 ± 0.046 


16.13 ± 0.77 


K31b-ll 


(3) 


6.77 


2 


79 ± 


10 


2.33 


T T "P^ CI ''7r\ "1 

HD 8701 


8/8 


1 


457 ± 0.064 





153 


0.012 


1 


021 


1 


488 ± 0.065 


2 


536 ± 0.073 


50.97 ± 2.80 


K21I:p 


(12) 


6.98 


2 


75 ± 


10 


2.10 


HD 13725 


6/6 


1 


545 ± 0.075 





475 


0.030 


1 


025 


1 


584 ± 0.077 


1 


a A 1 r\ r\T^ A 

845 ± 0.054 


37.01 ± 2.24 


K4II 


(3) 


7.01 


2 


70 ± 


10 


2.15 


HD 20123 


5/5 


1 


585 ± 0.137 


1 


472 


0.097 


1 


021 


1 


619 ± 0.140 





914 ± 0.050 


63.03 ± 2.35 


G5I1 


(12) 


5.04 


2 


41 ± 


10 


1.78 


HD 22135 


5/5 


1 


493 ± 0.159 


2 


373 


0.157 


1 


026 


1 


533 ± 0.163 


1 


783 ± 0.061 


30.12 ± 2.03 


K51I 


(11) 


7.21 


2 


89 ± 


11 


2.18 


HD 28487 


4/4 


2 


808 ± 0.042 





501 


0.014 


1 


030 


2 


893 ± 0.043 





467 ± 0.068 


45.04 ± 2.74 


M3I1 


(12) 


6.93 


1 


55 ± 


05 


0.90 


HD 29094 


19/22 


2 


627 ± 0.012 


2 


589 


0.028 


1 


021 


2 


684 ± 0.012 


1 


211 ± 0.021 


171.70 ± 3.81 


G8I1 


(6) 


4.25 


1 


33 ± 


10 


0.68 


HD 30504 


15/17 


2 


727 ± 0.013 


1 


732 


0.021 


1 


028 


2 


803 ± 0.013 





258 ± 0.041 


70.80 ± 3.08 


K41I 


(12) 


4.89 


1 


46 ± 


04 


0.89 


HD 31767 


4/4 


2 


598 ± 0.053 


2 


874 


0.043 


1 


025 


2 


662 ± 0.054 





811 ± 0.026 


113.90 ± 2.98 


K21Ivar 


(12) 


4.47 


1 


41 ± 


10 


0.86 


HD 39225 


3/3 


2 


387 ± 0.032 





157 


0.006 


1 


029 


2 


457 ± 0.033 





910 ± 0.038 


48.18 ± 2.08 


M2I1: 


(12) 


6.04 


1 


82 ± 


07 


1.00 


HD 77912 


29/36 


1 


495 ± 0.013 


2 


688 


0.043 


1 


020 


1 


bib ± 0.013 





587 ± 0.048 


73.34 ± 3.98 


G8Ib-II 


(12) 


4.56 


2 


40 ± 


09 


1.75 


HD 84441 


9/11 


2 


599 ± 0.015 


1 


125 


0.016 


1 


017 


2 


643 ± 0.015 


1 


243 ± 0.017 


453.60 ± 9.25 


GOIl 


(12) 


2.97 


1 


15 ± 


10 


0.56 


HD 159968 


48/54 


2 


925 ± 0.004 


1 


550 


0.013 


1 


028 


3 


r\r\''7 1 r\ r\r\ a 

007 ± 0.004 


1 


895 ± 0.047 


ci A 1 o n T 

84.95 ± 3.37 


Mill 


(6) 


6.37 


1 


41 ± 


10 


0.79 


HD 163770 


62/65 


3 


073 ± 0.003 


1 


396 


0.008 


1 


025 


3 


149 ± 0.003 





535 ± 0.020 


154.00 ± 3.17 


Klllvar 


(15) 


3.86 


1 


00 ± 


19 


0.47 


HD 180809 


8/8 


2 


315 ± 0.008 


2 


194 


0.014 


1 


025 


2 


o'vo 1 r\ r\r\r\ 

373 ± 0.009 





274 ± 0.018 


81.05 ± 1.49 


KOII 


(15) 


4.35 


1 


69 ± 


10 


1.04 


HD 181475 


7/7 


2 


619 ± 0.047 





914 


0.043 


1 


028 


2 


693 ± 0.048 


2 


A f\ A 1 r\ f\ A f\ 

494 ± 0.049 


75.02 ± 2.62 


K5II 


(15) 


6.89 


1 


69 ± 


05 


1.09 


HD 185758 


19/21 


1 


313 ± 0.021 


1 


034 


0.042 


1 


018 


1 


336 ± 0.022 


1 


121 ± 0.012 


111.50 ± 1.55 


GOII 


(15) 


4.39 


2 


64 ± 


10 


2.12 


HD 185958 


19/19 


1 


728 ± 0.012 


1 


226 


0.037 


1 


021 


1 


765 ± 0.012 





607 ± 0.015 


81.47 ± 1.24 


G8I1 


(15) 


4.39 


2 


13 ± 


10 


1.86 


HD 191226 


15/19 


1 


684 ± 0.015 


1 


694 


0.031 


1 


025 


1 


726 ± 0.016 


2 


TOO 1 r\ f\f~* ^ 

738 ± 0.061 


A r\ O 1 O OT 

49.36 ± 2.07 


K21I: 


(6) 


7.28 


2 


57 ± 


06 


2.03 


HD 193092 


8/14 


2 


666 ± 0.018 





557 


0.015 


1 


028 


2 


741 ± 0.018 





724 ± 0.036 


TT 1 O "1 T 

76.77 ± 3.17 


K5II 


(15) 


5.27 


1 


45 ± 


03 


0.99 


HD 193217 


3/3 


1 


771 ± 0.104 


3 


230 


0.071 


1 


029 


1 


823 ±0.107 





609 ± 0.037 


26.25 ± 1.12 


K41I: 


(13) 


6.32 


2 


48 ±0 


08 


2.02 


HD 196819 


5/5 


1 


177 ±0.108 


1 


578 


0.048 


1 


026 


1 


208 ±0.111 


1 


358 ± 0.039 


16.70 ±0.77 


K31I 


(13) 


7.52 


3 


25 ± 


32 




HD 199098 


5/5 


1 


026 ± 0.114 


1 


004 


0.036 


1 


019 


1 


046 ±0.117 





789 ± 0.045 


38.80 ± 1.92 


KOII 


(6) 


5.48 


3 


00 ±0 


29 




HD 213179 


6/6 


1 


408 ± 0.037 





155 


0.013 


1 


028 


1 


448 ± 0.038 





191 ± 0.086 


19.62 ± 1.72 


K2II 


(18) 


5.79 


2 


98 ± 


25 


2.45 


HD 217673 


9/9 


1 


093 ± 0.053 





750 


0.031 


1 


023 


1 


118 ±0.054 





864 ± 0.040 


24.32 ± 1.05 


K2II 


(13) 


6.24 


2 


82 ± 


12 


2.22 


HD 218356 


43/49 


2 


200 ± 0.008 


1 


918 


0.056 


1 


028 


2 


262 ± 0.008 





141 ± 0.028 


48.84 ± 1.48 


KOlIp 


(13) 


4.76 


1 


79 ± 


10 


1.22 


HD 220369 


8/9 


2 


136 ± 0.030 


2 


720 


0.044 


1 


025 


2 


189 ±0.031 





942 ± 0.043 


68.82 ±3.01 


K3II 


(6) 


5.56 


1 


72 ± 


06 


1.17 


HD 223173 


10/12 


2 


262 ± 0.029 


1 


603 


0.045 


1 


028 


2 


326 ± 0.029 





690 ± 0.046 


56.36 ±2.82 


K3II 


(15) 


5.55 


1 


89 ± 


05 


1.29 


HD 223332 


25/28 


1 


122 ± 0.022 


1 


555 


0.115 


1 


028 


1 


153 ±0.022 





638 ± 0.064 


13.36 ±0.91 


K5II 


(6) 


7.03 


3 


58 ± 


31 


2.74 


HD 334750 


3/3 


2 


250 ± 0.036 


3 


770 


0.040 


1 


030 


2 


319 ±0.038 


1 


955 ± 0.103 


22.86 ±2.64 


M5II 


(10) 


9.13 


2 


33 ± 


08 


1.53 
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